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R1055ability of multiple motors to work in
teams [19]. Artificial scaffolds are
expected to be more rigid than
endogenous membranous vesicles;
this rigidity may negatively affect
motor coordination.
These results highlight the need for
the use of diverse approaches to
understand the collective dynamics
of motors. Engineered cargoes like
those developed by Derr et al. [5] will
be extremely useful in examining the
effect of motor number and coupling
and can be extended to include
physiological motor complements
and possible regulatory factors,
including motor binding partners and
effectors. In parallel, new techniques
for imaging and manipulation, such as
fast subpixel tracking [20] and optical
trapping in living cells [14,15], can be
used to examine the motility of
endogenous cargoes with high
resolution. Future work will allow
a complete understanding of the
collective dynamics of motor proteins
in intracellular transport to emerge as
techniques to design and manipulate
minimal motor systems converge with
high-resolution methods to examine
transport in living cells.
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around the HubThe chromosomal origin, chemotaxis arrays and flagellum of Vibrio cholerae
congregate at the same pole of the cell. How? A recent study identifies a new
pole-organizing protein, HubP, that recruits members of the ParA family of
spatial regulators of subcellular structures to the pole.Clare L. Kirkpatrick
and Patrick H. Viollier*
With a volume smaller than that of
many eukaryotic organelles,
rod-shaped bacteria rely on polar
organizers to maintain a high degree
of cellular organization [1]. Such
organizers can selectively direct
factors (such as pili, flagellae or
chemotaxis proteins) to the pole,
while excluding others (for example,
the cell division proteins) from theextremities. Loss of such cell
polarization results in misplacement
and thus mis-inheritance of cellular
structures, potentially compromising
the integrity of the chromosome(s) and
impairing other functions required for
survival and fitness in the wild such as
virulence and/or motility.
Polar organizers are variable in
primary structure and in function
across different bacterial lineages.
In the Gram-positive lineage, the
coiled-coil domain protein DivIVAorchestrates polar activities by
recruiting origin-binding proteins,
cell division inhibitors, cell
wall-modifying enzymes, and
competence and secretion factors
[2,3]. In the asymmetric Gram-negative
alpha-proteobacterium Caulobacter
crescentus, three unrelated coiled-coil
motif-containing proteins TipN, PodJ
and PopZ act as polar organizers to
direct flagellar, pili and origin-binding
proteins, respectively, to the newborn
pole [4–9]. In addition, the muramidase
homolog SpmX acts as an
old-pole-specific localization factor
for a developmental kinase [10].
The pathogenic Gram-negative
gamma-proteobacterium Vibrio
cholerae (causative agent of cholera)
is another good example of polar
organization, as it directs multiple
cellular structures to the pole, namely,
the origin of one (though not both) of its
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Figure 1. The polar organizer protein HubP recruits multiple ParA-like spatial regulators to the
pole of the cell in V. cholerae.
(A) Schematic diagram of a V. cholerae cell showing relative locations of the two chromo-
somes, the HubP foci, the chemotaxis array(s) and the flagellum (not to scale). (B) Schematic
diagram of the pole of the cell, showing domain-dependent interactions of HubP with the three
ParA-family proteins ParA1, ParC and FlhG. Chromosomes are indicated in dark blue, HubP
protein in light blue.
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and the flagellum (Figure 1A).
Surprisingly, all three of these
structures rely on their own dedicated
ParA-like ATPase protein which is
required for polar localization; ParA1
for the chromosome origin [11], ParC
for chemotaxis proteins [12] and
FlhG for flagellar assembly factors [13].
These proteins, members of a large
family of P-loop type NTPases acting
asmolecular switches to control spatial
organization inside cells [14,15], are
found together in a single focus at the
old (flagellated) pole in cells that have
just divided, and subsequently form
a second focus at the other pole as
V. cholerae progresses through the
cell cycle, so that each daughter cell
inherits one polar cluster after division.
However, it was not known what drives
the localization of these proteins, nor
how their movement was coordinated,
as previous work by the same group
had shown that these proteins did not
depend on each other for polar
localization [12]. This question was
addressed by Yamaichi et al. [16] in
a recent issue of Genes and
Development, who discovered
a multi-domain protein (HubP) that
acts as a polar organizer to recruit the
three ParA-like ATPases. Remarkably,
different domains of HubP are
responsible for interaction with the
different ParA-like proteins and with
the cell membrane to coordinate
multiple pole-associated functions
(DNA segregation, flagellum growth
and chemotaxis) within the same
microdomain.
The genetic screen that unearthed
HubP was based on a library of
V. cholerae transposon mutants
impaired in motility, but in which the
transposons were all in ‘mystery’genes, not previously implicated in
chemotaxis or flagellum construction.
These mutants were tested for their
ability to localize a fluorescent ParA1
fusion protein to the pole, in order to
identify mutations with simultaneous
impairment of chromosome
segregation and motility. In mutants
lacking HubP, ParA1 delocalized
from the pole into the cytoplasm.
Investigating themotility defect further,
Yamaichi et al. [16] found that polar
clusters of the CheY3 chemotaxis
protein had become misplaced in the
DhubP mutant and far fewer polar
chemoreceptor arrays were
assembled, while polar flagellum
assembly was only mildly affected.
Indeed, the DhubP mutation caused
a worse motility defect than deletion
of the gene for ParC itself, owing to
mislocalized CheY3 clusters (and
possibly additional proteins) in the
DhubP mutant. By contrast, HubP
seems to act as a negative regulator
of flagellum assembly, as mutant cells
occasionally harbored multiple polar
flagella. These findings prompted
the authors to reconstitute
HubP-dependent localization using
wild-type or mutant proteins in
a surrogate host (Escherichia coli).
Using this heterologous localization
system (and complementary
adenylate-cyclase-based two-hybrid
analysis in E. coli) they elegantly
showed that HubP interacts directly
with ParA1 and FlhG, but indirectly
with ParC, and that different domains
of the protein are required for the
different interactions. The importance
of the multi-domain nature of the
HubP protein was demonstrated by
‘dissecting out’ different domains and
examining whether this altered its
interactions with binding partnersin V. cholerae. A region containing
a series of ten repeats of a highly acidic
amino-acid motif was required for
ParA1 but not FlhG or ParC interaction,
while the extreme carboxyl terminus of
HubP was required for the interaction
with FlhG. This molecular anatomy
of HubP is the first demonstration of
how multiple polar functions can be
coordinated in a bacterial cell through
simultaneous binding and clustering
of several localization factors by
a multi-part polar scaffold (Figure 1B).
Next, the authors investigated how
HubP, a polytopic membrane protein
with a large carboxy-terminal region
(ca. 1,300 residues) predicted to
reside in the cytoplasm and short
amino-terminal periplasmic domain
(ca. 270 residues), finds the pole itself.
They discovered that the
amino-terminal LysM domain (residues
90–134; often responsible for
non-covalent binding of proteins to
the cell wall through interaction with
peptidoglycan [17]), was required and
the first 161 residues were sufficient
for polar localization. Time-lapse
experiments showed that HubP was
originally present at both poles of
young cells and formed a new focus
at midcell later in the cell cycle, so that
it is bipolar again when the cell divides.
Interestingly, fluorescence recovery
after photobleaching (FRAP)
experiments showed that if a polar
focus of fluorescent HubP was
bleached, it was able to re-form quickly
(in less than three minutes) without
going through a new cell cycle,
indicating that it can be directly
targeted to and exchanged between
poles. The LysM domain of HubP
would be a good candidate to
promote retention through binding
to a newly synthesized (or modified)
polar peptidoglycan, as has been
speculated for the muramidase
domain in C. crescentus SpmX to
mediate old pole specific localization
[10]. But can HubP (or SpmX) directly
interact with peptidoglycan? And is
there a component of the cell
division machinery recognized by
HubP that is required for it to go
to midcell, where the chemical
and biophysical properties of the
membrane and/or the peptidoglycan
are different from those found at
the pole?
This work also raises interesting
questions about the spatio-temporal
relationship of HubP with its ParA-like
client proteins that are also likely to
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switches. Since HubP is already
bipolar at the beginning of the cell
cycle, how do the ParA-like proteins
‘know’ not to accumulate at the HubP
focus at the other pole until after
the cell has elongated and prepared
to divide? How do they avoid
interactions with midcell-localized
HubP prior to division? Is the midcell
HubP focus somehow marked as
immature until after cell division has
taken place? Investigating these
questions will shed more light on the
organization of polarity in these
bacteria, not to mention the many
others in which HubP homologues
are conserved. The answers will have
implications not just for the
fundamental biology of V. cholerae,
but perhaps also for public health,
as this pathogen is still quite capable
of causing epidemics even in recent
times [18].
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of NeuromodulationThe visual neurons of many animals process sensory input differently
depending on the animal’s state of locomotion. Now, new work in Drosophila
melanogaster shows that neuromodulatory neurons active during flight boost
responses of neurons in the visual system.Vivek Jayaraman
Comparisons of physiological
recordings from several different cell
types in the early visual system of
behaving and stationary organisms
have revealed that responses and, in
some cases, tuning to visual stimuli
are significantly altered during active
locomotion [1–5]. Such state
dependence may allow the nervous
system tominimize energy expenditure
[6] and dynamically adapt to the needs
of different behavioral regimes [7]; but
how do these changes come about? In
this issue of Current Biology, Suveret al. [8] use an elegant and technically
challenging combination of methods
to show that in the fly Drosophila
melanogaster flight activates
octopaminergic neurons that modulate
the response properties of the visual
system.
It has long been known that the
hardwiring of neural circuits does
not capture the richness of their
function. Beautiful work in the
crustacean stomatogastric network,
for example, has showcased the
role of neuromodulators which can
switch a circuit operating in one
dynamic mode to another bytweaking the strength of its synaptic
connections and the intrinsic
properties of its neurons [9]. Although
examples abound of the impact of
neuromodulators on circuit activity
and behavior, technical challenges
have limited the direct demonstration
of identified neuromodulatory neurons
activated during particular behavioral
states. It has also been difficult to show
how the activation and silencing of
neuromodulatory neurons changes
response properties of their targets in
behaving animals. Over the past
decade, the development of a plethora
of exciting new tools has made genetic
model organisms ideal for such
experiments. Researchers in these
systems can express calcium sensors,
fluorescent labels and exogenous
light- and temperature-activated
channels in genetically identified
cell populations, allowing specific
neurons to be targeted for recording
and manipulation during behavior [10].
Suver et al. [8] provide an instructive
